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Total dissolved solutesEarly responses of the saltmarsh succulent Bassia diffusa (Thunb.) Kuntze to combined salinity and submergence
were studied in a laboratory experiment aimed at determining the pattern of the response of photosynthetic
pigments,membrane stability, oxalic acid andwater relations to these stressors. Three key stages in the response
were identiﬁed. A drop in chlorophyll a+bwithin 6 h (4.2±0.2 to 2.4±0.3 mg g−1 DM) with a corresponding
increase in carotenoid concentration (0.6±0.1 mg g−1 DM) indicated an immediate response to submergence.
Oxalic acid concentration was highest on Day 4 (1.7 g g−1 DM) as opposed to control levels, indicative of its role
in submergence tolerance, thus Day 4 may be the peak of positive acclimation. The third phase was marked by a
sharp increase in electrolyte leakage to 47.5±2.6% on Day 10, from 9.4±1.4% on Day 7, with a corresponding
decrease in total dissolved solutes between Days 7 and 10. Results suggest that oxalic acid accumulates under
submergence possibly as a stabilising osmolyte. The threshold for tolerance of the species under submergence
is 7 days with membrane damage thereafter. B. diffusa would not survive prolonged submergence (>7 days)
but could survive submergence of short duration (b7 days) through continuous underwater photosynthesis,
accumulation of osmolytes such as oxalic acid and carotenoid, and maintenance of relative water content and
succulence within control levels. These data show that this upper intertidal salt marsh plant would be sensitive
to prolonged inundation as a result of sea level rise or due to estuary mouth closure and a subsequent rise in
water level.
© 2012 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Fringe ecosystems like salt marshes and the plants therein are
susceptible to wide ﬂuctuations in abiotic stressors. Among the most
important of these stressors are the hydrology and salinity regimes.
An increase inﬂood events has been predicted in low-lying saltmarshes
as a result of climate change (Engelbrecht et al., 2009; Jury and Levey,
1993; Mather, 2007; Mather et al., 2009), or following mouth closure
in temporarily open/closed estuaries (TOCEs) (Riddin and Adams,
2008). Increased ﬂooding would result in signiﬁcant hypoxic/anoxic
conditions (Adkins et al., 1990; Colmer and Flowers, 2008; Felle,
2005; Weisner et al., 1993), changes in internal ion homeostasis of
plant cells (Zhu, 2002) aswell as increasedmembrane damage through
reactive oxygen species (ROS) action, and osmotic effects (Bohnert and
Jensen, 1996; Jithesh et al., 2006). One effect of anoxia under submerged
conditions is shortage of available ATP, which in turn limits survival and
increases die-back of intertidal estuarine macrophytes (Bailey-Serres
and Voesenek, 2008; Riddin and Adams, 2008; Voesenek et al., 2006).
In addition, predicted increase in sea levels along the South African
coastline (Mather, 2007; Mather et al., 2009) would shift the tidal27 41 5832317.
bot@yahoo.com (P.T. Tabot).
by Elsevier B.V. All rights reservedfront and result in larger submerged areas and habitat alteration be-
yond the areas directly under tidal inundation. For upper intertidal
salt marsh species which would be inundated more often under pre-
dicted climate change conditions, a rapid increase in the concentration
of reactive oxygen species, and consequentlymembrane lipid peroxida-
tion would be of greater signiﬁcance especially in the short term
(Bohnert and Jensen, 1996; Jithesh et al., 2006; Rawyler et al., 1999).
Physiologically, tolerant species respond to submergence through
either low oxygen escape responses or low oxygen quiescence
responses which consist of down-regulating metabolism, increased
synthesis of antioxidant enzymes, and up-regulation of compatible
osmolytes (Bailey-Serres and Voesenek, 2008; Benschop et al., 2005;
Colmer and Voesenek, 2009; Hassine et al., 2008; Jackson, 2008;
Marcum and Murdoch, 1992; Naidoo and Kift, 2006; Tabot and
Adams, 2012; Voesenek et al., 2003). Considerable research has been
done on regulation of metabolism and mediating ROS action under
submergence (Apel and Hirth, 2004; Bailey-Serres and Chang, 2005;
Bailey-Serres and Voesenek, 2008; Bohnert and Jensen, 1996; Jithesh
et al., 2006; Voesenek et al., 2006). However, the direct effects of sub-
mergence on photosynthetic pigments have received scant attention.
For plants to photosynthesise efﬁciently the integrity and concentration
of photosynthetic and accessory pigments is indispensable to light
capture (Jaleel et al., 2009) especially under attenuated light conditions.
20 P.T. Tabot, J.B. Adams / South African Journal of Botany 84 (2013) 19–29that would occur under submergence. Such experiments have been
reported for rice cultivars and species of Rumex (Das et al., 2008;
Fukao et al., 2006; Mommer et al., 2005) but not for salt marsh plants.
In addition, determining the direct osmotic effects on membranes of
submerged plants is essential in understanding response patterns. Elec-
trolyte leakage can be used as an indication of membrane integrity or
resilience under submergence (Bajji et al., 2001; Blokhina et al., 2003;
Pang et al., 2003). Also, while the role of glycinebetaine and proline as
compatible solutes in halophytes has been well established in the liter-
ature (Ashraf and Foolad, 2007; Chen and Jian, 2010; Chen and Murata,
2008; Hanson et al., 1994; Naidoo et al., 2008; Tabot and Adams, 2012)
there is renewed but weak evidence that oxalic acid could play a more
signiﬁcant role in ionic balance in some species (Ma et al., 2011).
Indeed, preliminary results showed that oxalic acid responds to salinity
variation under tidal conditions, hence it was important to determine
its role in B. diffusa under short term combined salinity and submer-
gence treatments, alongside established compatible solutes like proline
and glycinebetaine.
Although not explicitly considered in most climate change predic-
tions, changes in water level in salt marshes are invariably linked with
changes in the salinity to which salt marsh plants are exposed, yet
there is very little information on the physiological responses of salt
marsh plants to combined ﬂooding and salinity. Studies on Sarcocornia
perennis (Mill.) A. J. Scott and Spartina maritima (Curtis) Fernald did not
ﬁnd any signiﬁcant interactive effect of salinity and submergence
(Adams and Bates, 1994, 1995), but did ﬁnd a signiﬁcant impact of
submergence on growth of the species. In addition, most studies of
plant responses to submergence are long term, although the success
of longer-term strategies depends on the effectiveness of immediate
responses.
B. diffusa (Thunb.) Kuntze of the family Chenopodiaceae is a peren-
nial herb about 15 cm tall, which predominantly occurs at high
tide limits of some estuaries in South Africa and Mozambique, and
reproduces both vegetatively, and sexually through seed production
(Wright, 1912). In most instances it occurs in homogenous stands,
and due to the low species diversity and low redundancy levels in salt
marshes (Elliott andWhitﬁeld, 2011), its response to predicted submer-
gence is of great importance. This study investigated the effects of
submergence, combinedwith salinity of 0, 8, 18, 35 and 45 psu on chlo-
rophyll a and b, total carotenoid and compatible solutes concentrations
(oxalic acid, glycinebetaine, proline, malonic acid, malic acid and citric
acid concentrations),membrane integrity andwater relations on shoots
of the species over 10 days, and at 6 hour intervals over 42 h, on the
species. The following were hypothesised:
1 Upon submergence at the different salinities, the concentration of
chlorophyll a, b, a+b, and total dissolved solutes in leaves would
be reduced, as has been shown for other salt marsh species
(Armstrong et al., 1999; Tabot and Adams, 2012).
2 Concurrently, there would be an increase in electrolyte leakage,
succulence, compatible solutes and total carotenoids concentration,
as hypoxic/anoxic conditions would result in increased membrane
damage either through ROS activity or osmotic effects (Bohnert
and Jensen, 1996; Jithesh et al., 2006), and compatible solutes are
upregulated for ROS scavenging and other stabilising functions
(Gill and Tuteja, 2010 and references therein).
We suggest that the extent of these responses would determine
tolerance limits for the species. These results are ecologically signiﬁcant
for better management of B. diffusa populations in salt marshes suscep-
tible to ﬂooding, and add to the growing knowledge on the impacts of
submergence on photosynthetic pigments and oxalic acid responses.
This short term study is of particular ecological signiﬁcance in estuaries
in which upper intertidal ranges are dominated by a single or few sus-
ceptible species due to low redundancy levels in salt marshes (Elliott
and Whitﬁeld, 2011).2. Materials and methods
2.1. Experimental layout
2.1.1. Site of sample collection
Seedlings for the study were collected from a single cohort at the
Swartkops Estuary, a permanently open estuary situated approximately
15 km north of Port Elizabeth, South Africa, at Lat 33°52′S and Lon
25°38′E (Baird, 2001; Potgieter, 2008). The estuary is approximately
16.4 km long and permanently connected to the Indian Ocean through
Algoa Bay (Scharler and Baird, 2003). It is the third largest intertidal salt
marsh area along the SouthAfrican coastline (Colloty et al., 2000). In the
estuary temperature ﬂuctuates between 13.5 °C in winter and 28 °C in
summer, with mean annual precipitation of approximately 636 mm
(Baird, 2001). The estuary has six different plant community types,
including supra- and intertidal salt marsh (Colloty et al., 2000) which
covers about 165 ha, with a clear zonation of species in most areas.
The soils are typically sandy-clayey. In the upper intertidal ranges, soil
redox potentials (ﬁrst 5 cm) are highly variable, ranging from −158
to 268 mV, the depth to ground water ranges from 50 to 85 cm, and
porewater salinity ranges from 22 to 44 psu (Adams, unpublished
data). In this zone, B. diffusa (Thunb.) Kuntze is dominant, mainly occur-
ring in homogenous stands and at times inmixed standswith Limonium
linifolium (L.f.) Kuntze.
2.1.2. The tank submergence system
A tank system was set up in the glasshouse of the Botany Depart-
ment of the Nelson Mandela Metropolitan University. The transparent
glass tanks measured 50×30×30 cm and were used for the sub-
mergence treatments. Five tanks were used, one for each salinity+
submergence combination. Each tank contained 3 growing trays, each
measuring 22×15×5 cm, and ﬁlled with estuarine soil. Air was passed
automatically from air taps in the glasshouse, through each tank for the
duration of the experiment to simulate natural conditions andmaintain
uniform salinity in the water. Within the glasshouse, ambient light
conditions at midday ranged from 551 to 841 μmol m−2 s−1, and tem-
perature peaked at 19 °C (12–19 °C) for the month of July 2011.
2.1.3. Seedling collection and establishment
Seedlings were collected from the Swartkops Estuary in Port
Elizabeth (33°52′8.43″S, 25°38′34.81″E) in March 2011and grown in
trays for 3 months in estuarine soil collected from the same site, before
application of treatments. Seedlings were raised from the same cohort
to reduce intrinsic differences, and in order for treatment effects to be
comparable. Estuarine soil collected at the same site as the plants was
used to simulate natural conditions, reduce variability in soil media,
provide certainty that there are suitable nutrients for the plants, and
for uniformity so that the most important variables would be those
imposed by the treatments.
2.1.4. Experimental design
The experiment consisted of completely submerged conditions,
within which ﬁve salinities were combined, hence investigating the
combined effect of salinity and submergence as would naturally occur
under different scenarios. Because submergence was constant across
treatments, salinity effects could be teased out, and the different param-
etersweremeasured over time, hence schematically, the study could be
conceived as a ‘(submergence+salinity)×time’ experiment.
2.1.5. Treatment application and monitoring
In July 2011, established plants (3 months old) at approximately the
same height were submerged with water of 0, 8, 18, 35 and 45 psu sa-
linity. Salinities below 35 psu were obtained by diluting seawater with
distilled water and the hypersaline salinity treatment by addition of
research-grade Reef Aquarium Sea salts (Reef Aquatics, Cape Town) to
seawater. The salts were free of nitrates and phosphates but contained
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was not provided, but this was not considered a major setback since
the same salt was used for all salinity treatments (except 0 psu).Within
each submergence+salinity tank there were three replicate trays, and
in each at least 12 plants were planted in estuarine soil collected from
the same site as the seedlings. To ensure that the correct salinity was
maintained throughout the experiment, water was tested daily with a
hand-held refractometer (Atago, S/Mill-E, Atago Japan).
2.1.6. Sampling of plant material
Prior to treatment application, 14 plants were randomly selected
from which leaves were sampled for initial measurements, rep-
resenting the control (reference) levels. Samples were harvested from
the top of the shoot, and no plant was sampled more than once. ‘Top’
in this case refers to the upper third of the shoot. All leaf samples
were stored at 4 °C in subdued light upon harvesting, and all analyses
were completed within 1 week. Because subsequent analyses required
the use of fresh material, a regression equation was established for the
relationship between the fresh and dry mass of leaves of these initial
plants, for use in extrapolation of dry mass from fresh mass used, so
that results can be expressed on dry mass basis. Two response patterns
were investigated. For the hourly treatment, samples were harvested at
6 h intervals over the initial 42 h across all salinities. In the daily treat-
ment, samples were harvested on Days 1, 2, 4, 7 and 10 across all salin-
ities, except for the 0 and 8 psu salinity treatments on Day 10, because
the leaves had already degraded and were unsuitable for analyses
(Table 1).
2.2. Photosynthetic pigment concentration
Chlorophylls a, b and total carotenoid concentrations were mea-
sured according to Lichtenthaler and Buschmann (2001). Fresh leaves
were ground and extracted in 5 ml absolute ethanol (100%), ﬁltered
through Whatman GFC ﬁlters and the absorbance read from a GBC
UV/VIS spectrophotometer (GBC UV/VIS 916, GBC Scientiﬁc Equipment
Pty Ltd 1995) at 664.1, 648.6 and 470 nm. Subsequently, the concentra-
tions of chlorophyll a, b and total carotenoids were calculated according
to the equations:
Chloa μgml−1
 
¼ 13:36A664:1−5:19A648:6
Chlob μgml−1
 
¼ 27:43A648:6−8:12A664:1Table 1
Sampling design: number of samples per sampling time for each salinity level.
Salinity (psu) Time (hours)
Ref 6 18 24 30 42
0 14a 3 3 3 3 3
8 √ 3 3 3 3 3
18 √ 3 3 3 3 3
35 √ 3 3 3 3 3
45 √ 3 3 3 3 3
Time (days)
Ref 1 2 4 7 10
0 14 3 3 3 3 -*
8 √ 3 3 3 3 -
18 √ 3 3 3 3 3
35 √ 3 3 3 3 3
45 √ 3 3 3 3 3
a Leaves of plants at 0 and 8 psu were already degraded by Day 10, and were not
suitable for analyses. We considered the plants dead at this time. Electrolyte leakage
results for the rest of the plants (Fig. 3C) show almost 50% membrane damage. The
same reference was set for all treatments.Total carotenoids μgml−1
 
− ¼ ð1000A470−2:13Chloa−997:64Chlob
209
:
where A = absorbance and chlo = chlorophyll.
All pigment concentrations were further standardised per gramme
dry mass of plant material, and chlorophyll a and b concentrations
were summed.
2.3. Leaf relative water content (RWC) and succulence
The freshmass (FM)of detached leaveswas recorded. Theywere then
immersed in excess deionisedwater for 24 h until turgid, blotted dry and
reweighed (TM), followingwhich they were oven dried at 80 °C for 48 h
and reweighed (DM). The relative water content was calculated as:
RWC %ð Þ ¼ FM−DMð Þ
TM−DM  100
where FM= fresh mass, DM= dry mass, TM= turgid mass.
Succulence was measured as the ratio of the leaf moisture content
(FM−DM) to the dry mass, using a Toledo scale (Mettler Toledo AG
204, Mettler Toledo Products, Switzerland; accuracy±0.1 mg).
2.4. Electrolyte leakage and total dissolved solutes
Electrolyte leakage was determined by measuring the conductivity,
as a percentage of electrolytes leaked from cut cells compared to the
total electrolyte pool in the sample (Bajji et al., 2001; Pang et al.,
2003). Thismethodworks on the premise that cellswithmore damaged
membranes leak more electrolytes into deionised water per unit time
compared to those with less damaged membranes, and by expressing
the conductivity readings as a percentage of that of the total electrolytes
in the sample, the values are standardised. Leaf segments were cut once
down the middle to expose the cells, washed in double distilled water
and further rinsed in deionisedwater to remove any surface electrolytes
and those released during cutting so that the conductivity readings after
15 min would only reﬂect electrolytes leaked by otherwise damaged
membranes. These samples were then placed in 20 ml beakers
containing 10 ml deionised water, and shaken in a mechanical shaker
at 250 rpm such that the cut pieces were completely in contact with
water for exchange of electrolytes (Pang et al., 2003). The initial electri-
cal conductivity (E1) was read using a conductivity/TDS/°C meter
(Cyberscan200, Eutech Instruments, Singapore). Next the beakers
containing the leaf samples were placed in a sealed boiling water bath
for 15 min, cooled to room temperature, and the total conductivity
(Et) read. Electrolyte leakage (EL) was calculated as:
EL %ð Þ ¼ E1
Et
 100
where E1 is the initial conductivity that represents potential ‘natural
leakage’ from the cells, and Et is the total conductivity. The total
dissolved soluteswere alsomeasured at the same time as total electrical
conductivity (mS/cm) of 10 ml samples. This was converted to solute
concentration in the sample according to the equations:
Total dissolved solutes ppmð Þ ¼ Electrical conductivity mS
cM
 
 640
and,
Total dissolved solutes mgð Þ ¼ Total dissolved solutes ppmð Þ  10ml
1000ml
:
The following conversion factors were used: 1 mS/cm=640 ppm
(Eutech Cyberscan200 conversion factor), 10 ml=extraction volume,
1 ppm=1 mg/1000 ml. All measurements were subsequently stan-
dardised per gramme dry mass of plant material.
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concentration
Proline, glycinebetaine, oxalic, malic, malonic and citric acid con-
centrations in the samples were determined using high performance
liquid chromatography (HPLC), according to the method by Colmer
et al. (2000), with slight modiﬁcations. Fresh leaves were extracted
with 3 ml cold 5% (v/v) perchloric acid, then neutralised to pH 3.5
with 1.0 M potassium carbonate. Extracts were ﬁltered in 0.45 μm
membrane ﬁlters (MerckMillipore) prior to HPLC analyses in an Agilent
Inﬁnity 1260 HPLC with an auto sampler and a C18 Zorbax column
(Agilent Technologies Inc., United States of America). The mobile
phase was 5% (v/v) methanol plus 95% (v/v) 0.05 M potassium
dihydrogen phosphate in deionised water, buffered to pH 2.1 with di-
lute HCl. The injection volume was 40 μl at a run rate of 1.5 ml min−1.
Temperature was controlled at 20 °C and absorbance determined at
210 nm. The column was ﬂushed with 80:20% (v/v) deionised water:
methanol solution after every 10 runs to avoid precipitation of phos-
phate salts and low polar organic acids on the column (Arnetoli et al.,
2008). Only analytical grade reagents 99% pure obtained from Sigma
(SIGMA-ALDRICH, Germany) were used. Concentrations of the com-
pounds in the samples were determined from regression equations of
the absorbance of external standards prepared and determined at theFig. 1. Effects of submergence and salinity on chlorophyll a, b, a+b (Fig. 1A and B), chloroph
diffusa over 42 h. Graphs represent mean salinity and time effects. F=5.35, pb0.05 for ch
pb0.005 with time, p>0.05 with salinity; for chlorophyll a+b, F=4.98, pb0.005 with ti
time and salinity respectively, pb0.05; and for carotenoids, F=12.29 and 3.28 with time
were recorded. Bars represent standard errors, bars with the same lowercase letter are no
parameters on the graph at that point. ref = reference or control levels, Chlo = chlorophysame time as the samples. All concentrations were standardised per
gramme dry mass plant material.
2.6. Water potential
Water potential of detached leaveswasmeasured in a DecagonWP4
Dewpoint Potentiometer (Range−300, resolution−0.1 MPa,Decagon
Devices Inc. USA). Leaveswere cut once down themiddle for uniformity
and the pieces placed into the chamber, such that approximately the
same quantity of sample was used per treatment. The chamber was
closed and readings taken at approximately 15 min intervals after
equilibration. Three readings were taken for each sample, and the
mean considered as the measurement.
2.7. Data analyses
The Kolmogorov–Smirnov test was used to test for normality.
Johnson Transformation was performed to normalise non-normal data
(Chou et al., 1998). Because the submergence effect was uniform, the
experiment could be conceived as a salinity×time experiment, hence
a twoway general linearmodel ANOVAwas used to evaluate treatment
effects and interactions between treatments, with mean separation
through a Tukey Honestly Signiﬁcant Difference test. Pearsonyll a/b ratio (Fig. 1C and D) and total carotenoid concentration (Fig. 1E and F) on Bassia
lorophyll a variation with time and p>0.05 with salinity; for chlorophyll b, F=8.75,
me, and p>0.05 with salinity; for chlorophyll a/b ratio, F=6.55, 3.11 and 5.23 with
and salinity respectively, pb0.05. Overall DF=72, no signiﬁcant interaction effects
t signiﬁcantly different. For Fig. A and B, mean separation at each point applies to all
ll, DM = dry mass.
23P.T. Tabot, J.B. Adams / South African Journal of Botany 84 (2013) 19–29correlationwas then used to test the relationship between variables. All
data were analysed atα=0.05 usingMINITAB version 15 (Minitab Sta-
tistical Software,MINITAB Inc. USA). In plotting the results, where salin-
ity effects were not signiﬁcant, the mean salinity and time effects were
plotted separately, but side by side for comparisons, to avoid highly
overlapping and unreadable graphs thatwould result if individual salin-
ity and time effects were plotted on the same graph.
3. Results
3.1. Determination of dry mass from fresh mass and effective samples
collected for analyses
The relationship between fresh mass used in the experiments and
their equivalent dry mass was given by the equation DM=0.00754−
0.0272∗FM (pb0.05, DF=19), where DM is the dry mass and FM the
freshmass. This equationwas used in establishing drymass equivalents
for fresh material consumed in analyses. Although the regression was
signiﬁcant, the fresh mass explained only 25% of possible variation in
drymass. Because B. diffusa is a succulent, a strong relationship between
dry and fresh mass was not expected. When the statistical results were
compared with those based on fresh mass, the pattern did not differ, so
the results were maintained on dry mass basis in spite of the weak
correlation between fresh and dry mass of the samples.Table 2
Relationship between parameters studied. Chlo = chlorophyll, Ψ = leaf water potential, R
Hourly treatments
Chlo a Chlo b Chlo a/b Chlo a+b
Chlo b 0.901a
0.000b
Chlo a/b −0.240
0.043
−0.594
0.000
Chlo a+b 0.984
0.000
0.951
0.000
−0.352
0.002
Carotenoids 0.336
0.004
0.111
0.348
0.187
0.116
0.274
0.019
Ψ 0.351
0.002
0.311
0.007
−0.153
0.201
0.329
0.005
RWC 0.145
0.224
0.245
0.038
−0.261
0.028
0.175
0.142
Succulence 0.185
0.120
0.276
0.019
−0.25
0.035
0.219
0.065
EL −0.150
0.210
−0.133
0.266
0.087
0.472
−0.138
0.247
TDS 0.402
0.001
0.329
0.005
−0.053
0.662
0.387
0.001
Oxalic acid 0.442
0.000
0.343
0.004
−0.023
0.855
0.42
0.000
Daily treatments
Chlo a Chlo b Chlo a/b Chlo a+b
Chlo b 0.895
0.000
Chlo a/b −0.273
0.032
−0.577
0.000
Chlo a+b 0.993
0.000
0.942
0.000
−0.354
0.005
Carotenoids 0.308
0.014
0.105
0.413
0.24
0.06
0.260
0.040
Succulence 0.183
0.154
0.204
0.113
−0.316
0.013
0.193
0.134
EL 0.183
0.154
0.204
0.113
−0.316
0.013
0.193
0.134
TDS 0.315
0.013
0.407
0.001
−0.284
0.027
0.346
0.006
Oxalic acid 0.340
0.014
0.368
0.007
−0.353
0.010
0.352
0.010
Pearson correlation signiﬁcant at αb0.05, all correlations in bold font are signiﬁcant.
a Top value within each cell = r, the Pearson correlation coefﬁcient.
b Bottom value within each cell = p, the level of signiﬁcance.Table 1 shows the number of effective samples collected for analy-
ses. On Day 10, there were no samples for the 0 and 8 psu treatments.
Plant leaves were already degraded and could not be collected, and no
new leaves were formed. In all, there were 14 samples for the reference
conditions, and 144 samples for all treatments.
3.2. Chlorophyll and carotenoid concentrations
The variation of chlorophyll a, b, a+b and carotenoid concentration,
and chlorophyll a/b ratio for the hourly experiment is shown in Fig. 1.
Chlorophyll a, b and a+b concentrations in leaves decreased signiﬁ-
cantly with time (pb0.005), and were consistently below control levels
(Fig. 1A). The lowest concentrations were recorded at 6 (2.4±
0.3 mg g−1 DM) and 24 h (1.9±2.1 mg g−1 DM). Chlorophyll a+b
concentration declined with time due to a decrease in both chlorophyll
a and b concentrations (r=0.984 and 0.951 respectively, pb0.001;
Table 2). The effects of salinity on chlorophyll concentrations were not
signiﬁcant (Fig. 1B). There was a signiﬁcant increase in chlorophyll a/b
ratio with both salinity increase (pb0.05; Fig. 1C) and time (pb0.005;
Fig. 1D). Table 2 shows that there was a greater rate of decrease in chlo-
rophyll b concentration compared with chlorophyll a (r=−0.594 and
−0.240 respectively, when compared with chlorophyll a/b ratio). In
addition, total carotenoid concentration increased signiﬁcantly with
time with a sharp increase within 6 h (0.6±0.1 mg g−1 DM) from anWC = relative water content, EL = electrolyte leakage, TDS = total dissolved solutes.
Carotenoids Ψ RWC EL TDS
0.043
0.719
−0.067
0.574
0.208
0.08
−0.156
0.189
0.415
0.000
0.582
0.000
−0.069
0.564
0.013
0.916
−0.332
0.005
0.336
0.004
−0.004
0.712
0.048
0.694
−0.331
0.005
0.335
0.005
0.051
0.675
0.294
0.016
−0.294
0.015
0.564
0.000
Carotenoids Ψ RWC EL TDS
−0.084
0.516
0.346
0.006
0.667
0.000
−0.084
0.516
0.346
0.006
0.667
0.000
0.307
0.015
−0.151
0.241
0.008
0.949
−0.572
0.000
0.367
0.007
−0.017
0.904
0.390
0.005
−0.517
0.000
0.604
0.000
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highest concentration was reached after 18 h (0.8±0.1 mg g−1 DM)
and remained above control levels for 42 h (Fig. 1E). There was also a
signiﬁcant increase with salinity (Fig. 1F), but no signiﬁcant interaction
effect (p>0.05).
Fig. 2 shows the variation of chlorophyll and carotenoid concen-
trations over 10 days. Chlorophyll a concentrations decreased signif-
icantly with time (pb0.005) and salinity (pb0.05) but there was no
signiﬁcant interaction effect. Chlorophyll a concentrations from Day
1 to Day 10 did not vary signiﬁcantly, but were signiﬁcantly lower
than control levels (Fig. 2A). Similarly, chlorophyll b concentrations
from Day 1 to Day 10 were signiﬁcantly lower than control levels,
with signiﬁcant variations in response to time (pb0.005; Fig. 2A) and
not with salinity increase (Fig. 2B). Chlorophyll a+b concentrations
over the 10 day period were signiﬁcantly lower than control levels
(pb0.005), but there were no signiﬁcant variations across the different
days (Fig. 1A). When the salinity effect was considered, chlorophyll a
(and not chlorophyll b or a+b) varied signiﬁcantly as salinity in-
creased, with the concentrations at 8 to 45 psu higher than that at
0 psu (Fig. 2B). Chlorophyll a/b ratio was highly variable, and higher
than control levels for the duration of the treatment. There wereFig. 2. Effects submergence and salinity on chlorophyll a, b, a+b (Fig. 2A and B), chlorophy
diffusa over 10 days. Graphs represent mean salinity and time effects. F=5.35 and=3.10, p
F=11.63, pb0.005 with time; for chlorophyll a+b, F=7.24, pb0.005 with time, and p>0.0
with time, salinity and interaction effects respectively, pb0.005; and for carotenoids, F=16.1
effects not mentioned are not signiﬁcant. Bars represent standard errors, bars with the same
point applies to all parameters on the graph at that point. ref = reference or control levelssigniﬁcant time (Fig. 2C), salinity (Fig. 2D) and interaction effects (all
pb0.005). Over 10 days, carotenoid concentrations increased signiﬁ-
cantly with time (Fig. 2E) and with salinity increase (pb0.005;
Fig. 2F). The highest concentrations were reached upon submergence
on Day 1 (0.6±0.1 mg g−1 DM) and remained above control levels
for the duration of the experiment. With salinity increase, the highest
concentrations were at 8 to 45 psu, and were signiﬁcantly higher than
the control and 0 psu concentrations (Fig. 2F).
3.3. Electrolyte leakage and total dissolved solutes
Fig. 3 shows the variation of electrolyte leakage and total dissolved
solutes for both the hourly and daily sampling periods. Electrolyte leak-
age varied signiﬁcantly with time but not with salinity for both periods.
In the hourly treatment (Fig. 3A) electrolyte leakage increased signiﬁ-
cantly above reference levels by the 6th hour (12±1.2%). Between 6
and 30 h, electrolyte leakage decreased in all treatments to below refer-
ence levels. Total dissolved solutes did not vary signiﬁcantly with time,
but there were signiﬁcant increases above the control levels at 35 and
45 psu (311.2±18.6 and 302.9±21.4 mg g−1 DM respectively), and
a signiﬁcant decrease below control levels at 0 psu (Fig. 3B). Therell a/b ratio (Fig. 2C and D) and total carotenoid concentration (Fig. 2E and F) on Bassia
b0.05 for chlorophyll a variation with time and salinity respectively; for chlorophyll b,
5 with salinity and interaction effects; for chlorophyll a/b ratio, F=9.59, 9.04 and 5.23
4 and 5.16 with time and salinity respectively, pb0.005. Overall DF=72, all interaction
lowercase letter are not signiﬁcantly different. For Fig. A and B, mean separation at each
, Chlo = chlorophyll, DM = dry mass.
Fig. 3. Effects of submergence and salinity on electrolyte leakage and total dissolved solutes of Bassia diffusa for the hourly (Fig. 3A and B) and daily (Fig. 3C and D) treatment.
Graphs represent mean salinity and time effects. A — response of electrolyte leakage and TDS with time over 42 h; F=4.25, pb0.005 for electrolyte leakage, p>0.05 for TDS.
B — response of electrolyte leakage and TDS to salinity over 42 h; F=5.70, pb0.005 for TDS with salinity increase, p>0.05 for electrolyte leakage. C — response of electrolyte leak-
age and TDS with time over 10 days; F=2.75 and 9.15 for electrolyte leakage and TSD respectively, pb0.05. D— response of electrolyte leakage and TDS with salinity over 10 days;
F=8.94, pb0.005 for TDS with salinity increase, p>0.05 for electrolyte leakage. Overall DF=70; HSDb0.05, bars represent standard errors, bars with the same lowercase letter are
not signiﬁcantly different. For Fig. C, mean separation at each point applies to both electrolyte leakage and TDS at that point; charts with no mean separation showed no statistical
difference. ref = reference or control levels TDS = total dissolved solutes, DM = dry mass.
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both electrolyte leakage and total dissolved solutes (p>0.05). In the
daily treatments, electrolyte leakage increased within the ﬁrst day to
14.4±2.8% and then decreased for the next 6 days to within control
levels. Electrolyte leakage increased sharply from 9.4±1.4% on Day 7
to 47.5±2.6% on Day 10 (Fig. 3C).
The variation of total dissolved solutes was opposite to that of
electrolyte leakage. Total dissolved solutes in plants varied sig-
niﬁcantly with both time and salinity for the daily treatments
(pb0.005) but there was no signiﬁcant interaction effect (Fig. 3C).
There was a peak in total dissolved solutes concentration on Day 4
(325.6±43.1 mg g−1 DM) followed by progressive decrease to
below reference levels by Day 10 (134.4±28.4 mg g−1 DM). Total
dissolved solutes at 0, 8 and 18 psu were signiﬁcantly below refer-
ence levels while concentrations at 35 and 45 psu were within refer-
ence levels (Fig. 3D).3.4. Oxalic acid concentration and other compatible solutes measured
Proline, glycinebetaine, malic, malonic and citric acid which were
determined from the same samples and at the same time as oxalic
acid did not elute in sufﬁcient quantities for evaluation. In the major-
ity of samples, oxalic acid eluted at above 95% of the total sample. Re-
sults for proline, glycinebetaine, malic, malonic and citric acid are
therefore not presented.
Fig. 4 shows the concentration of oxalic acid over the study period.
Oxalic acid concentration appeared to exhibit a diurnal pattern over
42 h, but concentrations did not vary signiﬁcantly over this period
(p>0.05; Fig. 4A). There was signiﬁcant variation of oxalic acid con-
centration with salinity over 42 h, during which oxalic acid concen-
trations in leaves increased with salinity to a peak at 35 and 45 psu
(0.67±0.09 g g−1 DM) (Fig. 4B). In the daily treatment, oxalic acid
concentration increased to peak on Day 4 (1.76±0.5 mg g−1 DM)with a progressive decrease thereafter (Fig. 4C). There were no signif-
icant effects of salinity on oxalic acid concentration over 10 days
(Fig. 4D).
3.5. Relative water content and succulence
There were signiﬁcant variations of relative water content and
succulence with time, for both the hourly and daily treatments
(pb0.005) but there were no signiﬁcant salinity and interaction ef-
fects (p>0.05). In the hourly treatment relative water content
dropped from the initial 86.9±8.9% in all treatments to 64.3±2.2
and 64.7±1.8% at 6 and 18 h, and then increased gradually to refer-
ence conditions (Fig. 5A). Similarly, leaf succulence dropped to
below reference levels for the ﬁrst 30 h and gradually increased to
within reference levels after 42 h. There were no signiﬁcant varia-
tions (p>0.05) in both relative water content and succulence with
salinity in the hourly treatments (Fig. 5B). In the daily treatment rel-
ative water content dropped within the ﬁrst 2 days, and then in-
creased to a maximum of 112.8±2.4% by day 10 (Fig. 5C).
Succulence of leaves in all treatments (Fig. 5D) decreased signiﬁ-
cantly over 10 days to below control levels within the ﬁrst two
days, followed by recovery to 11±1.5 on Day 4. The effects of salinity
(Fig. 5D) and the interaction between salinity and time on both rela-
tive water content and succulence were not signiﬁcant (p>0.05).
3.6. Leaf water potential
Leaf water potential (data not shown) in the hourly treatments
decreased signiﬁcantly below reference levels with time, and ranged
from −8.7±1.4 MPa at control levels to −11.9±0.7 after 24 h.
There was no signiﬁcant salinity effect on water potential (p>0.05).
In the daily treatments, leaf water potential became signiﬁcantly
more negative with time, to a peak on Day 7 (−25±3.4 MPa).
Fig. 4. Effects of submergence and salinity on oxalic acid concentration in Bassia diffusa for the hourly (Fig. 4A and B) and daily (Fig. 4C and D) treatments. Graphs represent mean
salinity and time effects. A— response of oxalic acid with time over 42 h; p>0.05. B— response of oxalic acid to salinity over 42 h; F=3.43, pb0.05. C— response of oxalic acid with
time over 10 days; F=4.78, pb0.005. D — response of oxalic acid with salinity over 10 days; p>0.05. There were no signiﬁcant interaction effects (p>0.05). F values are shown
only for signiﬁcant results. Overall DF=72; HSDb0.05, bars represent standard errors, bars with the same lowercase letter are not signiﬁcantly different. Charts with no mean sep-
aration showed no statistical difference. ref = reference or control levels, DM = dry mass.
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Table 2 shows the relationship between the parameters measured
for both the hourly and daily treatments. In the hourly treatmentsFig. 5. Effects of submergence and salinity on relative water content and succulence of Bas
represent mean salinity and time effects. A— response of RWC and succulence with time ove
of RWC and succulence to salinity over 42 h; p>0.05. C— response of RWC and succulence w
D — response of RWC and succulence with salinity over 10 days; p>0.05. F values are show
72; HSDb0.05, bars represent standard errors, bars with the same lowercase letter are not sig
Charts with no mean separation showed no statistical difference. ref = reference or control
ture content (g) to the dry mass (g) and so has no units.there were strong positive correlations between oxalic acid and
total dissolved solutes (r=0.564, pb0.001); oxalic acid correlated
positively with chlorophyll and carotenoids concentration, but nega-
tively with electrolyte leakage (r=−0.294, pb0.05). There weresia diffusa for the hourly (Fig. 5A and B) and daily (Fig. 5C and D) treatments. Graphs
r 42 h; F=12.96 and 5.75 for RWC and succulence respectively, pb0.005. B— response
ith time over 10 days; F=5.71 and 3.50 for RWC and succulence respectively, pb0.05.
n only for signiﬁcant results. There were no signiﬁcant interaction effects. Overall DF=
niﬁcantly different. For Fig. C, mean separation applies to both parameters on the chart.
levels RWC= relative water content, DM= dry mass. Succulence is a ratio of the mois-
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trolyte leakage (r=−0.331, pb0.001). In the daily treatments, there
were strong positive correlations between total dissolved solutes and
oxalic acid concentration (r=0.604, pb0.001), as well as strong
negative correlations between chlorophyll a/b ratio and oxalic acid
concentrations (r=−0.353, pb0.05).
4. Discussion
In salt marshes, submergence has been shown to be a constant
abiotic stressor (Colmer and Flowers, 2008; Weisner et al., 1993),
accelerating chlorophyll degradation andmembrane lipid peroxidation,
and limiting survival of species (Armstrong et al., 1999; Sarkar et al.,
2006 and references therein; Tabot and Adams, 2012). The survival of
species in different zones in salt marshes depends on adaptations for
submergence tolerance.While such studies existmainly on lower inter-
tidal species that are often submerged under current conditions, there
are fewer studies of upper intertidal species predicted to be more
frequently submerged under climate change conditions. The aim of
this studywas to investigate short term responses of B. diffusa to salinity
and submergence, because pinpointing the threshold for tolerance/
resilience to submergence is important in designing rapid interven-
tions in salt marsh management. The hourly experiment showed that
effects of submergence were immediate, as clear trends could be iden-
tiﬁed by the 6th hour, namely a drop in chlorophyll a, b, and a+b con-
centrations concurrent with an increase in carotenoid concentration.
The second signiﬁcant phase was identiﬁed via oxalic acid concentra-
tion which increased to a maximum on day 4 and indicated a peak in
submergence tolerance. A sharp increase in electrolyte leakage with a
corresponding decrease in total dissolved solutes between days 7 and
10 marked the last phase, and shows that the threshold for recovery
or survival of the species under submergence was 7 days. These key
phases are physiologically signiﬁcant in understanding the species'
response to prolonged submergence.
Upon submergence, chlorophyll a+b concentration was reduced to
below reference levels for the duration of submergence; this decrease
was a result of degradation of both chlorophyll a and b. The stronger
negative correlation between chlorophyll b and chlorophyll a/b ratio
suggests that there was higher degradation of chlorophyll b compared
to chlorophyll a. An increase in chlorophyll concentration and de-
creased chlorophyll a/b ratio under attenuated light conditions could
be expected under drained conditions especially for tolerant species,
as this would aid in augmenting the photosynthetic capacity of the
leaves (Mommer et al., 2005). In the current study the reverse was
observed suggesting that the species is susceptible to submergence,
and the results are consistent with ﬁndings of other authors who inves-
tigated chlorophyll responses under submerged conditions. Das et al.
(2008) compared the effects of short term submergence on chlorophyll
content of rice cultivars and found a signiﬁcant reduction following
submergence. The tolerant M202 rice cultivar displayed a reduced deg-
radation in chlorophyll a and b and less glycolysis than the intolerant
M202 line over 14 days of submergence (Fukao et al., 2006).
Within 6 h of submergence, total carotenoid concentration in-
creased signiﬁcantly, tracking similar increases in total dissolved solutes
(r=0.336) and oxalic acid concentration (r=0.335). This suggests that
carotenoids are synthesised de novo as adaptive solutes during submer-
gence (Figs. 1F and 2F). Li et al. (2008) observed that carotenoids are
essential for ABA synthesis, which is important inmost abiotic stress re-
sponses. Carotenoids have also been reported to quench reactive
oxidising species, protect photosystem I light harvesting proteins, and
stabilise thylakoid membranes under abiotic stress conditions (Gill
and Tuteja, 2010 and references therein). In addition, carotenoids asso-
ciated with an increase in cellular pH (typical under anoxia) would
facilitate more efﬁcient light harvesting under low light conditions
(Demmig-Adams and Adams, 1996). Such low light conditions are
typical of submergence, and the results in the current study supportboth the light-harvesting and ROS scavenging roles (Demmig-Adams
et al., 1996). The increase in carotenoid concentration with salinity in-
crease in the current experiment (pb0.005) further suggests an osmo-
regulatory role. Glycinebetaine and proline often identiﬁed in salt
marsh species under similar conditions did not elute in signiﬁcant con-
centrations in the samples analysed.
As compatible solute synthesis is up-regulated with the onset of
submergence, so too is signiﬁcant membrane damage, measured
through electrolyte leakage. Increase in electrolyte leakage indicates
similar increase of membrane damage under submergence (Blokhina
et al., 2003). It seems that regulatory mechanisms become effective by
the 6th hour as electrolyte leakage was stabilised. Such mechanisms
may be membrane-enhancing, for example oxalic acid could chelate
free radicals, reducing their impact onmembrane integrity and preserv-
ing essential polar lipidswhich cannot be synthesised under submerged
conditions (Blokhina et al., 2003), or it could balance out excess cations
that accumulate under anoxia (Caliskan, 2000) and thus serve in osmot-
ic balance. The results indicate that the limit for tolerance of submer-
gence in the species would be 7 days irrespective of salinity (pb0.05,
Figs. 1, 2 and 3), as membrane-stabilising mechanisms and down-
regulation of general metabolism possibly active during the ﬁrst
7 days fail (Fig. 3A and C). This response pattern is contrary to that
expected for lower intertidal species. It has been shown that lower
intertidal species tolerant to submergence wouldmaintain low electro-
lyte leakage for up to 3 months (Tabot and Adams, 2012). Rawyler et al.
(1999) found that ATP is necessary for membrane conservation under
anoxia. In the current study, the sharp increase in electrolyte leakage
after 7 days of submergence could be a direct result of depletion of
ATP and hence a reduction in the rate of synthesis of compatible solutes;
this would lead to widespread membrane damage evidenced by the
negative correlation between electrolyte leakage and oxalic acid
concentration (r=− .517) (and total dissolved solutes (r=−0.572)),
metabolism failure and cell death.
The pattern of oxalic acid concentration further supports de novo
synthesis in response to submergence, and hence its role as a compati-
ble solute (Ma et al., 2011). The possible diurnal ﬂuctuation in oxalic
acid concentration (Fig. 4A) is indicative of underwater photosynthesis
in the early days of submergence, while the peak oxalic acid concentra-
tion on day 4 suggests a threshold for tolerance mechanisms, beyond
which late response mechanisms such as programmed cell death
could have set in. This suggests that although acclimation occurred by
day 4, the magnitude of the response was either not sufﬁcient, or
duration-to-acclimation was too late for tolerance to be sustained.
With possible energy depletion after 7 days of submergence, oxalic
acid could accumulate in the cytoplasm rather than the vacuoles, and
it would lead to cytoplasmic acidosis and death (Greenway and Gibbs,
2003).
The response of osmolytes probably inﬂuenced the water status,
maintaining relative water content and succulence within control
levels, and a progressively more negative water potential for water
and nutrient uptake. In drought conditions, low relative water con-
tent is indicative of drought tolerance (Blum, 2005) but in ﬂooded
conditions low relative water content seems a necessity for survival.
Salinity also inﬂuenced the survival pattern as death of plants below
18 psu could be attributed to high relative water content and hence
excess dilution (Ottow et al., 2005) of the cytoplasm and possibly,
membrane rupture, which can be seen from the positive correlation
(r=0.667, pb0.001) between relative water content and electrolyte
leakage over 10 days. The build-up of solutes as shown by the con-
centration of oxalic acid and total dissolved solutes in the short run
is instrumental to early submergence tolerance in the species.
5. Conclusion
The results are ecologically signiﬁcant for salt marshes prone to
ﬂooding of varying duration. Upper intertidal plants often survive
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metabolic rate and internal re-allocation of resources in preference
for ionic balance (Armstrong et al., 1999). It has been demonstrated
herein that quiescence responses in B. diffusa are weak and would
not sustain the plant beyond 7 days of submergence, and chlorophyll
a and b as well as cell membranes are particularly susceptible to sub-
merged conditions. In temporarily open/closed estuaries, submerged
conditions as a result of mouth closure last for months, and if upper
intertidal ranges are inundated, there would be large scale die-back
of B. diffusa populations (Riddin and Adams, 2008). In B. diffusa,
such die-back under submergence would be mainly as a result of
membrane damage, and is independent of salinity. Where possible,
prolonged submergence of the species should be avoided, and in tem-
porarily open/closed estuaries this can be achieved by more effective
mouth management through appropriate release of adequate
amounts of freshwater to keep the mouth open and water levels low.
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